Recently, ZrTe 5 has received a lot of attention as it exhibits various topological phases, such as weak and strong topological insulators, a Dirac semimetal, and a quantum spin Hall insulator in the monolayer limit. While most of studies have been focused on the three-dimensional bulk material, it is highly desired to obtain nanostructured materials due to their advantages in device applications. We report the synthesis and characterizations of ZrTe 5 nanoribbons. Via a silicon-assisted chemical vapor transport method, long nanoribbons with thickness as thin as 20 nm can be grown. The growth rate is over an order of magnitude faster than the previous method for growth of bulk crystals. Moreover, transport studies show that nanoribbons are of low unintentional doping and high carrier mobility, over 30,000 cm 2 /Vs, which enable reliable determi-1 nation of the Berry phase of π in the ac plane from quantum oscillations. Our method holds great potential in growth of high quality ultra-thin nanostructures of ZrTe 5 .
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The discovery of topological insulators(TI) has brought a new insight into the classification of solid state materials and attracted enormous interest in the past few years.
1,2
Soon, the topological concept has been extended to superconductors and metals, i.e., threedimensional(3D) topological Dirac semimetals and Weyl semimetals.
1-8 Among many topological materials, ZrTe 5 is unique as it exhibits various topological phases, such as weak and strong topological insulators, a Dirac semimetal, and a quantum spin Hall insulator in the monolayer limit. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] These phases sensitively depend on the lattice constants. 20 Change of the band structure with temperature, thickness and pressure has been experimentally observed.
21-24
Most of studies on ZrTe 5 have been carried out for 3D bulk. 13, 14, 16, 25, 26 On the other hand, nanowires/nanoribbons of topological materials can be very useful, as they not only enhance the contribution from surface states due to a large surface-to-volume ratio, but also give rise to new properties. [27] [28] [29] For instance, studies on nanostructured topological insulators have revealed interesting phase and spin related transport. [30] [31] [32] The marriage between InSb nanowires and superconductors has given birth to the experimental realization of Majarona zero modes. 33 It is therefore highly desired to develop methods for growth of high quality nanostructured ZrTe 5 so that new properties can be further introduced. However, such a study has so far not been reported.
Conventionally, ZrTe 5 were synthesized by a chemical vapor transport method. The growth is time-consuming, in the order of weeks, which hinders efforts on improvement of the crystal quality. 13, 15, 34, 35 In this work, we employ a silicon-assisted chemical vapor transport method to grow both ZrTe 5 nanoribbons and bulk crystals. Growth time of millimeter size single crystals is reduced to less than 90 minutes, representing substantial improvement of the growth rate. Quantum transport measurements show that the as-grown nanoribbons are of high mobility and low unintentional doping. Well-resolved quantum oscillations confirm a Dirac band with a Berry phase π in the ac plane. Our method holds great potential in growth of ultra-thin nanostructures and single crystals of ZrTe 5 .
Growth was carried out in a horizontal three-zone tube furnace. Source materials are zirconium and tellurium elements. Since zirconium powder is difficult to handle as it is easily oxidized and flammable, shots of 0.6 g each on average were used instead. Considering much less surface area of shots than powder, the amount of zirconium is significantly more than the stoichiometric ratio, e.g. 5 g Zr, 0.3 g Te. Iodine of 2 mg/cm 3 is employed as the transport agent. As illustrated in . Due to the low vapor pressure of Zr, the first reaction is set in the highest temperature zone, so sufficient ZrI 4 can be fed to the second reaction, which is held in the lowest temperature zone. The tellurium powder is placed in the third temperature zone in between the other two zones. The optimal temperatures for three zones were found to be 540 • C, 480
• C and
450
• C, respectively. The growth usually takes place for 150 min to grow nanostructures(or 90 min for bulk), and then the ampoule is allowed to cool naturally.
Nanoribbons were found on the silicon substrate and certain segments of the ampoule wall, as shown by the SEM image in Fig. 1 . These nanostructures can be very long, e.g., form SiI 4 , which is in a gas phase at our growth temperature. We have found that silicon plays an important role in the reaction. When the silicon substrate is replaced with mica, neither ZrTe 3 nor ZrTe 5 formed at the same growth condition. On the other hand, in presence of both silicon and mica substrates, growth can occur on the mica substrate, though much less effectively. How silicon affects the growth processes is not clear currently and deserves further study. In the following, we focus on the quality of the grown nanoribbons.
EDX was carried out for nanoribbons, which indicates that they are made of Zr and Te.
The atomic ratio is about 1:5(within 0.5% error). High-angle annular dark-field(HAADF) images were taken with the aberration corrected transmission electron microscope(JEOL ARM200F). ZrTe 5 , as well. 10, 13, 20, 21 From these images, it can be seen that the grown samples are of high crystalline quality.
All data show that nanoribbons are along the a-axis, and the shortest dimension is along the b-axis. This growth mode is in fact expected considering the crystal structure. ZrTe 5 is a layered material coupled by Van der Waals interactions, which favors 2D growth in principle.
In each layer, there is a strong structural anisotropy, which leads to the dimension along the a-axis being significantly longer than the other dimension (along the c-axis).
Raman spectroscopic measurements have been performed. The Raman spectra for narrow and wide nanoribbons are similar, except that narrow ones have a weaker signal due to a smaller volume to interact with light. Four characteristic peaks, centered at 115, 119, 145
and 179 cm −1 , can be readily identified as vibration modes of Te atoms. 36 The peak positions agree with the bulk as shown in Fig. 3a .
The temperature dependence of resistivity of nanoribbons, shown in Fig. 3b , exhibits a maximum at 141 K. Such a nonmonotonic behavior is characteristic for ZrTe 5 .
25,37-40
Although different explanations have been proposed, its origin is still under debate. Recently, we have shown in exfoliated ZrTe 5 flakes that the resistivity maximum likely results from competition between a Dirac semimetal band and a semiconductor band.
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The quality of the nanoribbon is manifested in electrical transport. We have carried out magnetoresistance(MR) measurements under magnetic fields in different directions, as depicted in Fig. 4 . The current is always along the nanoribbon, the a-axis. When the field is perpendicular to the current, MR is significant, while it is very small when the field is parallel to the current. In all three field directions, MR displays marked oscillations, the so-called
Shubnikov-de Haas oscillations(SdHOs)
. Surprisingly, SdHOs start to appear in a field B min as low as 0.34 T as shown in Fig. 4d , which suggests a high electrical mobility. Note that SdHOs stem from formation of Landau levels, which requires a condition of ω c τ > 1. Here ω c is the cyclotron frequency, and τ the mean free path. It is easy to show that the condition is equivalent to ω c τ = µB > 1, where µ is the mobility. Plugging B min = 0.34 T, we have
The high mobility will surely be very helpful in studying the transport properties of this topological material. Therefore, our work provides a promising growth method for high mobility nanostructured ZrTe 5 .
In Fig. 4a , it can be seen that the quantum limit is reached at a relatively small field, 5.5
T, indicating a low carrier density. The low doping level also suggests high quality of the sample, corroborating with other measurements. After subtracting a smooth background, the oscillations are clearly resolved, shown in Fig. 4e . By picking the field positions of the maxima and minima of the oscillations and plotting the inverse position against the Landau level index n, we obtain the Landau plot, shown in Fig. 5a . Here, the maxima are assigned integer indices, while the minima are assigned half integer indices. Under this convention, an intercept of γ ∼ 0.143 on the y-axis is estimated from a linear fit. The intercept of the Landau plot has been widely used to determine the non-trivial Berry phase of π for Dirac systems. 41 For a 2D Dirac system, like graphene, γ = 0, while for 3D materials with a Dirac cone, the intercept is expected to be ±1/8. 10,14,26,41 It is positive for holes and negative for electrons. 42 Therefore, our data are in excellent agreement with a Dirac system with dominant hole carriers, confirming previous studies. 
, where k B is the Boltzmann constant. In 
